and impaired gas exchange. The pathobiological mechanisms that account for disease progression are poorly understood but likely involve alterations in innate inflammatory cells, epithelial cells, and fibroblasts. Thus we seek to review the most recent literature highlighting the complex roles of neutrophils and macrophages as both promoters of fibrosis and defenders against infection. With respect to epithelial cells and fibroblasts, we review the data suggesting that defective autophagy promotes the fibrogenic potential of both cell types and discuss new evidence related to matrix metalloproteinases, growth factors, and cellular metabolism in the form of lactic acid generation that may have consequences for promoting fibrogenesis. We discuss potential cross talk between innate and structural cell types and also highlight literature that may help explain the limitations of current IPF therapies. epithelial cells; fibroblasts; fibrosis; innate immunity; lung THE PULMONARY INTERSTITIUM is a source of wonder in its structure, function, and ability to support human life through gas exchange. Understandably, disorders of the pulmonary interstitium often have severe consequences for affected individuals, but the causes and pathogenesis of many of these diseases have eluded modern science and medicine. While some disorders like hypersensitivity pneumonitis and asbestosis are associated with a known etiology, other forms of interstitial pneumonia are of unknown cause and thus are labeled idiopathic. The most common form of idiopathic interstitial pneumonia is idiopathic pulmonary fibrosis (IPF), and, given its invariably fatal clinical course, IPF has garnered the most attention within the research community (98) . IPF has a median survival of 2 to 3 years and a steady incidence in older adults (97) . IPF is a chronic and progressive lung disorder characterized by aberrant deposition of extracellular matrix (ECM) leading to extensive lung remodeling (52) . Patients display significant heterogeneity in their clinical courses and outcomes (35, 109) . The disease paradigm currently centers on repetitive injury to the alveolar epithelium with the release of molecules that result in proliferation of resident fibroblasts, myofibroblast differentiation, aberrantly regulated ECM deposition, and, in turn, dysfunctional repair and remodeling (52) . However, given the natural history of IPF and the existence of different clinical phenotypes and genotypes (35, 95, 109) , it has become clear that the molecular mechanisms promoting disease biology are also diffuse and heterogeneous and may involve an extensive array of different pathways and processes including apoptosis (126) , oxidative stress (42) , intra-alveolar coagulation (104) , aberrant development (107) , endoplasmic reticulum stress (62) , and telomere shortening (4) . Animal models have generally centered on the bleomycin model due to its clinical relevance, but there is also interest in asbestosrelated fibrosis models because they develop characteristic pathological lesions of usual interstitial pneumonia seen in IPF (77a) .
Recent studies have provided new insight into the roles that innate immune cells, particularly neutrophils and macrophages, may play in lung fibrosis. In addition, the role of infectious agents as drivers of fibrogenesis is gaining attention. As we learn more about how cells of the lung cope with cellular stress from infection or injury, studies have explored how autophagy may modulate fibrogenic responses. Finally, as fibroblasts and myofibroblasts are believed to be the main effector cells in fibrosis, understanding how these cells are activated and how their metabolic phenotypes may change also offers new targets for antifibrotic therapies. In this review we cover some of the recent advances in these areas and highlight potential interactions. Figure 1 summarizes how these factors contribute to lung fibrosis.
New Insights into Innate Immunity and Fibrosis
Neutrophils as mediators of fibrotic pathogenesis. The role of inflammation in IPF and other forms of lung fibrosis has long been debated (17) . Neutrophils are considered short-lived mediators of acute inflammation. Migration of neutrophils to a site of injury allows them to exhibit a range of functions, including the release of neutrophil elastase (NE) where they may then impact the fibrotic process (Table 1) . NE promotes fibroblast proliferation and myofibroblast differentiation in vitro and mice deficient in NE are protected from asbestosinduced pulmonary fibrosis (37) . Furthermore, mice treated with a NE antagonist after asbestos injury demonstrate reduced hydroxyproline content consistent with attenuated fibrosis (37) . Interestingly, the mechanism of myofibroblast differentiation induced by NE was independent of transforming growth factor (TGF)-␤, a classical inducer of myofibroblast differentiation. Chua et al. (24) reported an attenuated fibrotic response in NE Ϫ/Ϫ mice inoculated with bleomycin despite the fact that neutrophil influx in lavage fluid was comparable in wild-type (WT) and NE Ϫ/Ϫ mice. Interestingly, the bleomycin-treated NE Ϫ/Ϫ mice showed deficits of TGF␤ in vivo. Similarly, Sivelestat, a NE inhibitor, mediates an attenuated fibrotic response to bleomycin in mice through impaired TGF-␤ activation and reduced pulmonary migration of inflammatory cells (124) . Studies of bronchopulmonary dysplasia with hyperoxiainduced inflammation and fibrosis in rat models demonstrate that treatment with metformin (a common prescribed antihypoglycemic agent) results in decreased neutrophil and macrophage influx with associated lower levels of inflammation and fibrosis (21) . In contrast, overactive NE can result in development of emphysema, especially when the protease/antiprotease balance is disrupted as occurs with ␣-1-antitrypsin deficiency or through mutation of this circulating proteinase inhibitor, and recent studies have shown that NE retains proteolytic activity even when complexed to circulating ␣-2-macroglobulin (113).
Neutrophil extracellular traps (NETs) are released by neutrophils and consist of filaments of decondensed chromatin and granular proteins. The release of NETs may cause local tissue damage and inflammation with already notable roles in asthma, cystic fibrosis, and acute viral-mediated lung injury (31, 71, 82) . Neutrophils that release NETs are also capable of releasing the profibrotic cytokine IL-17 (64 Fig. 1 . Schematic depicting recent insights into pathogenesis of pulmonary fibrosis. Pulmonary fibrosis is influenced by the orchestration of epithelial, mesenchymal, and immune interactions. Recent data highlight the important roles of innate immune cells, especially monocytes and neutrophils, in regulating TGF␤ activation, fibroblast phenotypes, and epithelial injury. Additionally, immune dysfunction may lead to infections that can exacerbate lung fibrosis. Autophagy plays an important role in epithelial cell response to stressors and autophagy is impaired by profibrotic factors such as IL-17 and TGF␤ that can be delivered by innate immune cells. Metabolic changes resulting in release of lactic acid are now appreciated to activate TGF␤ to drive myofibroblast activation. Additionally, MMPs and fibroblast growth factors influence fibroblast phenotypes in lung fibrosis as well. The concepts highlighted in the boxes are the subject of this review of recent literature. ation in vitro and NET release is associated with IL-17-fueled upregulation of connective tissue growth factor (CCN2, CTGF) and ECM generation (23) . In human IPF patients, the presence of neutrophils is significant and a doubling of neutrophils, specifically in lavage fluid at baseline, is a predictor of early death (51) . It is interesting that prostaglandin E 2 , the first mediator shown to be an endogenous inhibitor of neutrophil NETS (30) , is also a molecule known to be deficient in IPF (68, 133) , perhaps suggesting that the fibrotic lung milieu is prone to NET formation.
Moncytes/macrophages as drivers of lung fibrosis. Macrophages reside in almost all tissue compartments and play crucial roles in development and homeostasis (32, 78) . The ability to phenotype the many subpopulations of macrophages in the lungs of mice and humans by flow cytometry has recently been described (11, 13, 72, 142) . Desai et al. (29) , using mRNA sequencing of peripheral blood mononuclear cells from IPF patients, identified upregulated genes associated with monocyte movement, adhesion and macrophage activation. Mantovani et al. (70) have previously proposed a nomenclature for classically and alternatively activated macrophages as M1 and M2, respectively, and this has been broadly adopted. The M2 macrophage phenotype has well-established functions in wound healing and plays a role in aberrant fibroproliferation that occurs during pulmonary fibrosis (115, 122) . However, recent work has prompted a reconsideration of simple macrophage phenotypes and polarization in fibrotic disease. Pulmonary macrophages may coexpress surface markers of both M1 and M2 activation. Anthony et al. (5) demonstrated that in human-derived monocytes stimulated with serum amyloid A, the subsequent macrophage phenotype is mixed with increased expression of proinflammatory genes (IL-6 and IL-1␤) and coexpression of the M2-related CD163 marker. Lung-resident macrophages may display significant phenotypic plasticity that may be related to specific stimuli or a disease microenvironment. Thus these M1/M2 phenotypes may represent a transient spectrum of activation and may explain some of the biological heterogeneity seen in interstitial lung disease.
Recent work by Withana et al. (134) confirmed the presence of activated macrophages in areas of fibrotic lung in both human IPF patients and bleomycin-challenged mice using novel cysteine cathepsin-targeting imaging probes. The authors monitored the contribution of activated macrophages and demonstrated, for the first time, the accumulation of monocyte/ macrophages expressing active cathepsins in the lungs of IPF patients. This evidence suggests that activated macrophages support IPF pathogenesis; however, other studies have indicated a protective role for spleen-derived macrophages (M2 phenotype) partially due to an overabundance of M1 macrophages in pulmonary fibrosis (130) . The activation of macrophages occupies a pivotal role in the translation of injury to aberrant repair in IPF (Table 2 ), but the reasons for macrophage accumulation in lung fibrosis are not always clear. However, one possible driver of macrophage accumulation and activation may be loss of surfactant protein D (SPD) in the lungs.
SPD has been strongly linked to lung fibrosis (6, 26, 36, 45, 59, 61, 84, 112, 123, 132) , but results depend on where SPD is measured. Multiple studies have shown that SPD levels are elevated in circulation of IPF patients (26, 36, 45, 112, 123, 132) and that these levels predict disease severity or progression. In contrast, if measurements are made in the bronchoalveolar lavage (BAL) fluid (BALF), studies have shown that SPD levels are lower (45, 59, 61, 84) . This is likely explained by the fact that SPD has high hydrophilicity, making it easy to move out of the lung and into the vasculature (84) . Loss of SPD in the lung compartment predisposes to worse fibrosis. Aono et al. (6) used a triple transgenic inducible SPD murine model (doxycycline treatment generated SPD production) to demonstrate that absence of SPD production resulted in increased pulmonary macrophage infiltration, elevated profibrotic cytokines in the lungs, and increased numbers of fibrocytes, suggesting a crucial role for SPD in the regulation of both macrophage and fibrocyte recruitment in fibrosis. Once recruited, macrophages and fibrocytes are also capable of producing matricellular proteins like periostin (80) that have been shown to promote myofibroblast differentiation (9) . These data highlight the fact that genetic alterations that lead to macrophage accumulation may promote fibrogenesis. It is also possible, however, that loss of the immune collectin function of SPD in the alveolar space leaves patients susceptible to infection while also increasing macrophage accumulation.
The evidence reviewed thus far supports a pivotal role for the influx of inflammatory cells, in particular neutrophils and macrophages, in activation of profibrotic mediators to regulate (15, 85, 86, 105, 118) . These can have a profound effect on the risk of disease development and may alter clinical course. For instance, the rs5743890 TOLLIP variant is associated with increased susceptibility to disease, increased mortality, and reduced expression of the protein in IPF patients (85) . MUC5B studies in IPF have identified protein overexpression in the lung and accumulation in terminal bronchioles (105) . While the exact contribution of MUC5B to IPF pathogenesis remains unclear, authors central to the MUC5B discovery process have hypothesized that the abnormal accumulation of the protein may lead to impaired localized host defense and recurrent injury (139) . Thus several of the major risk alleles for IPF susceptibility and disease progression are regulators of innate immunity and play a role in the response of the airways to injury [danger-and pathogen-associated molecular patterns (DAMPS and PAMPS, respectively)].
One of the features of the current paradigm involves injury to the alveolar epithelium. There is considerable biological plausibility for known and occult infection as a promoter of injury in this environment. Furthermore, modifiers of innate responses in the airway including several of the airway defensins have reported associations with IPF. The role of infection in IPF pathogenesis is evolving with several recent publications supporting a role for bacterial and viral pathogens. Knippenberg et al. (53) have reported that a streptococcusproduced toxin, pneumolysin, can promote the progression of fibrosis in several models of murine pulmonary fibrosis. Molyneaux et al. (75) have reported an association with disease progression and bacterial burden. Analysis of genomic DNA through amplification of the bacterial I6S rRNA gene led to quantification and identification of bacterial communities from BALF from IPF patients and controls (which included chronic obstructive pulmonary disease and healthy control patients). Disease progression in this cohort was associated with an increased bacterial burden, independent of the MUC5B promoter polymorphism. Streptococcus was one of the pathogens found at increased burden compared with controls (75) . The authors postulated that trials of antimicrobial therapy may be merited to define whether bacterial burden is truly associated with the biology of disease progression in IPF. The case for bacterial influence on disease biology was further supported by trials of the antibiotic trimethoprim-sulfamethoxazole that demonstrated improved mortality and quality of life in a double-blind multicenter study in patients with fibrotic lung disease (111) . The authors adjusted for concurrent immunosuppressant treatment and generated sensitivity testing for features of IPF within the patient cohort, concluding that antimicrobial prophylaxis required further study in IPF. The microbiome has been studied in chronic lung disease and alterations in community structure have been associated with exacerbations of lung disease (87) . Analysis of the lung microbiome in the COMET cohort of IPF patients reported an association with changes in community structure, namely an increase in Streptococcal and Staphylococcal species, and IPF progression (40) . Taken together, the data to implicate Streptococcus in IPF disease progression are especially strong; however, Pseudomonas aeruginosa, a common pathogen in chronic lung disease, has not yet been implicated in fibrogenesis. We have shown that bleomycin-treated mice demonstrate effective Pseudomonas clearance without enhanced ECM deposition (8) . Conversely, we have previously demonstrated the capacity for latent viral infection, namely herpesvirus, to exacerbate murine pulmonary fibrosis models (129) . Several candidate viruses have been identified in the BAL and lung tissue in pulmonary fibrosis patients and the potential role for viruses in IPF disease biology has been reviewed elsewhere (77) ; however, causality has not been established. The presence of virus may simply be secondary to IPF pathophysiology due to impaired host defense, architectural modifications, or the possible impact of immunosuppression. The identification of herpesvirus DNA in cell-free BAL of at-risk individuals (relatives of cases of familial interstitial pneumonia) and the increased expression of herpesvirus antigen in alveolar epithelial cells highlights the potential causal association with IPF and supports further mechanistic work (58) . Finally, indirect support for a role for infectious pathogens is drawn from the increased risk of mortality and hospitalization with pharmaceutical immunosuppression in IPF (96) . At face value, it is hard to reconcile data suggesting that pathogens drive IPF pathogenesis with the observations of increased innate immune cells in the fibrotic lung. These results could be interpreted either as IPF patients having impaired innate immune functions, allowing outgrowth of potential pathogens that cause lung injury, or could be viewed as an expected accumulation of immune cells in response to microbial stimulation. Future studies investigating antibiotics in IPF and specific immune cell functions in the fibrotic lung should help clarify these questions.
The most likely cell types to be targeted by injury or infection are the epithelial cells of the lung. The inability to effectively cope with damage or a failure to repair the epithelium can also exaggerate the fibrotic process. Thus the cellular process of autophagy, a process that has implications for host defense as well as cell survival, has garnered significant attention as a common pathophysiological mediator of fibrosis.
Autophagy as a Regulator of Lung Fibrosis
Autophagy is a cellular process activated by various physiological stresses than can be induced to promote cell survival. It involves the sequestration of dysfunctional cellular cytoplasmic components within double-walled membrane vesicles termed autophagosomes for delivery to the lysosome for destruction and recycling. Autophagy is classified as microautophagy, chaperone-mediated autophagy, and macroautophagy (144) . Canonical macroautophagy (hereafter called autophagy) involves recruitment of a hierarchical set of autophagy-related (Atg) proteins to form the autophagosome (25) , and this process is implicated in the pathogenesis of chronic pulmonary diseases (2). In addition, there are also noncanonical pathways to generate autophagosomes within cells (25) . As mentioned, the process can serve important functions in host defense against internalized pathogens (81, 138) by delivering the autophagosomal contents to the lysosome for degradation. However, uncontrolled autophagy can lead to apoptosis. A process known as selective autophagy is employed to recycle particular organelles (e.g., mitochondria via mitophagy), in response to cellular stress (74) . The process of autophagy is highly regulated via complex posttranslational modification of Atg proteins and has recently been reviewed (16) . Given that IPF is a disease associated with aging, and that defective autophagy is also noted in aging (28, 116) , it is not yet clear whether defective autophagy is causal or merely coincident with IPF. However, there is growing evidence that tissues from IPF patients are characterized by defective autophagy responses (92, 101) . Additionally, recent proteomic analysis of IPF patient plasma revealed that low levels of legumain and cathepsin-S, two proteases putatively involved in autophagy (89, 91) , predict poor outcomes in IPF (7). It is also interesting to speculate, however, that reduced levels of these proteases may allow for pathogens to accumulate and injure lung tissue. Recent studies are revealing the extent to which these pathways are altered in fibrotic lungs and are providing some clues to mechanisms (Table 3) .
Defective autophagy promotes epithelial cell dysfunction. Epithelial cells serve important barrier functions in the lung, but they are also pivotal in the setting of lung fibrosis because they can secrete both antifibrotic/anti-inflammatory mediators like PGE 2 (12, 117) as well as profibrotic factors (106, 140) . The majority of studies related to autophagy and fibrosis have focused on epithelial cells due to a prevailing hypothesis that epithelial cell stress (e.g., infection) leads to chronic or repetitive lung injury which in turn promotes fibroproliferation. For instance, Liu et al. (65) demonstrated that treatment of lung epithelial cells with profibrotic IL-17, a cytokine known to be released by neutrophils that undergo NETosis (64), reduced the expression of several important genes within the autophagy pathway including beclin 1 and Atg14 (65) . It is speculated that the attenuation of autophagy induced by IL-17 helps promote fibrogenesis and likely suppresses collagen degradation pathways. In addition to IL-17 inhibiting autophagy, bioactive lipids like sphingosine-1 phosphate and lysophosphatidic acid are also known to inhibit autophagy (46, 125) and to promote fibrogenesis (110) .
One of the clearest examples of how defective autophagy may impact interstitial lung disease comes from the study of lung proteinopathies such as surfactant protein C (SPC) and A mutations or Hermansky-Pudlak syndrome (HPS) that cause accumulation of misfolded proteins within the epithelium leading to cell stress and eventual fibrosis (57) . For example, the mutation of threonine for isoleucine at codon 73 in the human SPC gene accounts for a significant fraction of SPC mutationassociated interstitial lung disease. Cell lines engineered to stably express this mutation expressed elevated levels of Atg8/ LC3, sequestosome (p62), and Rab 7 consistent with a block in the ability to form mature autophagosomes (41) . Overexpression of this mutant protein caused a block in autophagic flux leading to decreased proteostasis and mitophagy, suggesting that patients harboring such mutations would have diminished ability to handle secondary insults, making them more susceptible to epithelial injury and development of lung fibrosis. Recently, a transgenic mouse created to express the common misfolded variant of ␣-1 anti-trypsin, the so-called PiZ mouse, was also shown to model the proteotoxicity of the misfolded proteins within lung epithelium and to develop leukocyte infiltration and spontaneous fibrosis. Interestingly, treatment with drugs to enhance autophagy improved outcomes (44) . Impaired autophagy has also been noted in the epithelial cells of patients with Hermansky-Pudlak disease as well as in mice carrying genetic mutations in HPS genes (3) . In vitro studies demonstrated knockdown of the HPS1 gene in A549 lung epithelial cells resulted in accumulation of lipidated LC3b and p62 as well as an increase in proapoptotic caspases; however, overexpression of LC3b restored the defects in autophagy and reduced p62 accumulation (3).
Genome-wide association studies identified the autophagy gene Cep55 as having a polymorphism significantly associated with susceptibility to bleomycin-induced lung fibrosis in mice (93) . Similarly, MMP-19 Ϫ/Ϫ mice, which develop an exaggerated form of bleomycin-induced lung fibrosis, show downregulation of the autophagy gene Atg4c, which is a peptidase necessary for expanding the autophagosomal membranes (48) . When this work is taken in context with the HPS-1 knockdown studies above (3), it is interesting to speculate that some forms of lung fibrosis are characterized by defects in the ability to mobilize the membranes for formation of the autophagosomes. Undoubtedly, the situation is far more complicated than that, however, because some forms of lung injury (e.g., amiodarone challenge) result in accumulation of lamellar bodies leading to progressive hypertrophy of type II epithelial cells (14) . With amiodarone challenge, autophagosomes accumulate in direct connection with, and likely originating from, the limiting membrane of the lamellar body. Yet, in this setting, accumulation of SPC was associated with formation of more, rather than fewer, autophagosomes and eventual apoptosis of the epithelial cells correlating with development of interstitial fibrosis (67) .
Other studies focused on epithelial cells have shown that Atg4b-deficient mice have a greater inflammatory response 7 days postbleomycin and augmented apoptosis of alveolar and bronchial epithelial cells leading to more extensive fibrosis and collagen accumulation (18) . Similarly, conditional knockdown of the tuberous sclerosis-1 (Tsc1) gene in epithelial cells causes Table 3 .
Consequences of reduced autophagy in IPF
• Impaired survival of epithelial cells under stress • Impaired recycling of organelles • Impaired host defense • Impaired clearance of inflammasomes; prolonged inflammatory mediator production • Myofibroblast differentiation and ECM deposition increases • Altered apoptosis regulation • Loss of ATG7 promotes TGF␤ and endothelial-mesenchymal transition mice to be more susceptible to bleomycin-induced fibrosis, a condition that was reversible when rapamycin or chloroquine was administered to stimulate autophagy (38) .
Autophagy influences on myofibroblast activation. The pathological deposition of ECM in lung fibrosis is believed to be accomplished by ␣-smooth muscle actin (␣-SMA)-expressing myofibroblasts. Thus studies of autophagy have also focused on this cell type. TGF␤1-stimulation is known to inhibit autophagic flux in fibroblasts (116) . Activation of mammalian target of rapamycin (mTOR) complex 1 via treatment with rapamycin in vitro can limit expression of the myofibroblast proteins ␣-SMA and fibronectin (92) . Acquisition of the pathological myofibroblast phenotype changes the way fibroblasts respond to the stiffening ECM within the lung during fibrogenesis. For instance, when normal fibroblasts encounter stiffened polymerized collagen, autophagy pathways are activated in response to the external stress; however, myofibroblasts derived from IPF patients do not activate this stress response and instead show low levels of autophagy induction on polymerized collagen (83) . This is driven by the aberrant PTEN/Akt/ mTOR signaling pathway that allows the fibrotic myofibroblasts to survive in the face of accumulating matrix stiffness (83) . The molecular pathway that accounts for this was recently worked out. FoxO3a is a downstream target of Akt and is implicated in the transcriptional activation of autophagy. FoxO3a mRNA and protein levels are low in IPF fibroblasts, and this accounts for the impaired induction of LC3b mRNA expression that occurs on polymerized collagen (47) . Because IPF fibroblasts already have low basal levels of autophagy, disruption of autophagosomes by 3-methyladenine or chloroquine only modestly increased death of IPF fibroblasts on polymerized collagen (83) . In endothelial cells, loss of ATG7 function resulted in upregulation of profibrotic TGF␤ and promotion of endothelial-mesenchymal transition, features that were associated with development of more severe pulmonary fibrosis in response to bleomycin administration (114) .
Therapeutic implications related to autophagy. Looking at data summarized above from both epithelial cells as well as fibroblasts, it is generally true that both epithelial dysfunction and myofibroblast survival are associated with deficient autophagy. Thus several studies have examined modulation of autophagy pathways in the setting of lung fibrosis. One of the two currently available therapeutics to treat IPF, nintedanib induces noncanonical autophagy (beclin 1-dependent, but Atg7-independent) coincident with its ability to downregulate ECM production in IPF fibroblasts (101) . Berberine was also recently shown to enhance autophagy and suppress bleomycininduced fibrosis (22) . Interestingly, studies showed that giving rapamycin as a pretreatment to augment autophagy could limit bleomycin-induced fibrosis in wild-type mice (38) , but treatment with rapamycin or its analog sirolimus had no effect if initiated 8 or 9 days after bleomycin injection (38, 127) . It is interesting to speculate that early enhancement of autophagy may protect epithelium, but once myofibroblast differentiation has occurred and the matrix starts to stiffen, myofibroblasts may be relatively insensitive to autophagy manipulation. This may also explain the failure of the mTOR inhibitor everolimus, which would be expected to induce autophagy to improve outcomes in IPF (69) . In fact, everolimus use was associated with more rapid disease progression. The reasons for this are still not clear and highlight the fact that more research is needed to understand how autophagy regulates the responses of multiple cell types, including myeloid cells (1, 20) , in the setting of lung fibrosis before we can intelligently target this pathway for clinical therapy. It is also possible that pharmacological strategies to induce autophagy must be tightly controlled lest the overactivation of these pathways lead to epithelial apoptosis.
As mentioned initially, the current paradigm for the pathogenesis of lung fibrosis suggests that loss of the lung epithelium, as may occur in the setting of defective autophagy, results in activation of fibroblasts, differentiation of myofibroblasts, and deposition of ECM. These fibroblasts and myofibroblasts can then remodel the lung architecture via matrix and mediator production as well as via the secretion of metalloproteinases. The next section will review the recent insights into the regulation of myofibroblasts and will highlight new data suggesting that metabolic reprogramming of the fibroblasts may perpetuate lung injury and fibrogenesis.
New Insights into Myofibroblast Biology
Myofibroblasts are characterized, in part, by the presence of ␣-SMA and their ability to activate TGF␤ and produce ECM proteins including type I collagen. Lung tissue from patients with pulmonary fibrosis contains myofibroblasts (60, 73, 90) , and these have been thought to be responsible for the deposition of collagen and other ECM components during development and progression of pulmonary fibrosis (94) . However, new evidence using reporter mice for collagen 1 and ␣-SMA has suggested that the majority of the collagen-producing fibroblasts in the lung are actually ␣-SMA negative, as opposed to the liver where they are generally ␣-SMA positive (121) . In the lung, it appears that ␣-SMA-negative fibroblasts retain the capacity to activate TGF␤ and promote fibrogenesis (121) . Regardless, myofibroblasts do accumulate in lung fibrosis and many recent studies of their activation and phenotypes have focused on matrix metalloproteinases (MMPs), especially MMP19 and 9; fibroblast growth factor receptors (FGFRs); and lactate dehydrogenase (LDH).
Opposing functions of MMP 19 and 9 in lung fibrosis. MMPs are metal-requiring catalytic enzymes capable of degrading ECM (79) . Initially, MMPs were envisioned as being antifibrotic due to their ability to degrade matrix, but they also regulate cellular proliferation, migration, and activation, suggesting that they could play multiple and complex roles in the regulation of fibrosis (27) . Recently, new studies have looked at effects of MMP19 and MMP9, which appear to have opposing roles. MMP19 was found to be highly expressed in hyperplastic epithelium of IPF patients (141) , where it is believed to play a protective role via regulation of cyclooxygenase-2 expression and therefore prostaglandin synthesis. Given the importance of prostaglandins in limiting myofibroblast differentiation (55) , it is perhaps not surprising that MMP19 Ϫ/Ϫ mice develop more severe lung fibrosis in response to bleomycin (141) . In fact, overexpression of MMP19 in lung epithelial cells can limit fibroblast proliferation in coculture (135) . When considered along with data presented above, it is interesting to speculate that MMP19 overexpression from epithelial cells promotes the ability of the fibroblasts to form autophagosomes (48) as an additional mechanism to limit fibroproliferation. Not surprisingly, gene array analysis showed that MMP19 Ϫ/Ϫ lung fibroblasts showed increased collagen mRNA and protein production and increased ␣-SMA expression (48) . Likewise, MMP19-deficient lung fibroblasts showed a significant increase in proliferation (48) .
In contrast to the protective role of MMP19 in lung fibrosis, MMP9, also known as gelatinase-B, is increased in the lungs of IPF patients (43, 63, 119) but may promote pathogenesis in a cell type-and context-dependent manner (reviewed in Ref. 27 ). MMP9 is expressed by immune cells (macrophages and neutrophils) as well as structural cells such as fibroblasts and alveolar epithelial cells (43, 63, 108, 119) . MMP9 is also highly expressed in IPF fibroblastic foci (108) and in the BALF of bleomycin-treated mice (33) . In a study assessing the role of endogenous MMP9 in modulating fibroblast-mediated contraction of 3D collagen gels, lung fibroblasts from MMP9 Ϫ/Ϫ mice showed a significant decrease in contractility compared with WT controls (54) . The same result was seen in human lung fibroblasts treated with the pan-MMP inhibitor GM-6001 or fibroblasts with expression of MMP9 knocked down using siRNA. The overall loss of MMP9 resulted in decreased TGF␤1 activity in both murine and human lung fibroblast cultures (54) . Additionally, TGF␤ has been shown to modulate the release of MMP9 (143) and Thy-1 (CD90)-deficient lung fibroblasts stimulated with TGF␤1 expressed MMP9 through the activation of ERK1/2 signaling pathways, while Thy-1-positive cells did not (100) . These findings suggest that TGF␤ induction of MMP9 in lung fibroblasts could be a positive feedback loop that promotes fibroblast activation during lung fibrosis. When considering cross talk between immune cells and structural cells, it is interesting to speculate that the TGF␤ signal that initiates MMP9 expression may come either from damaged epithelium as a result of defective autophagy, or possibly from accumulation of innate immune cells. In turn, the immune cells may be activated to secrete more MMP9, potentiating the lung damage. Fibroblast activation would also be exacerbated by the loss of protective MMP19 from injured epithelium as well.
FGFRs and lung fibrosis. FGFRs regulate a number of biological functions in both embryonic and adult stages of development by binding to the necessary receptors and activating downstream signaling pathways. FGF1/FGFR is highly expressed in pathogenic regions of IPF lung tissue as well as whole lung homogenates, suggesting a role in IPF pathogenesis (66) . Nintedanib, which is currently being used in IPF clinics, is a multitarget tyrosine kinase inhibitor that also targets FGFRs and showed significant efficacy in phase III studies (103) . Thus a prevailing notion is that FGFR signaling is detrimental in the setting of lung fibrosis. Recent results, however, suggest that this interpretation may be too simplistic.
In a bleomycin-induced model of fibrosis, FGFR2b-signaling to alveolar epithelial cells was shown to cause increased survival and decreased lung fibrosis (39, 120) . Joannes et al. (49) assessed the expression of FGF9, FGF18, and FGFRs in lung tissues from IPF patients and controls. They demonstrated that FGF9, FGF18, and all FGFRs were present in the remodeled alveolar epithelium close to the fibroblastic foci (49) and they tested the effects of these growth factors on lung fibroblasts. These mediators affected the overall biology of lung fibroblasts through multiple mechanisms, some of which were antifibrotic. For instance, FGF9 downregulated collagen-I and ␣-SMA expression in IPF fibroblasts compared with controls, while FGF18 had no effect on TGF␤1-induced myofibroblast differentiation (49) . Regarding proliferation, FGF18 inhibited cell growth in control fibroblasts but not IPF fibroblasts whereas FGF9 and FGF1 had no effect on fibroblast proliferation. Thus these beneficial effects of FGFR signaling may actually be impaired with nintedanib.
In contrast, FGF9, FGF18, and FGF1 all enhanced the migratory effects of control and IPF lung fibroblasts. FGF1 was previously shown to promote migration in a number of cell types, such as rat fibroblasts, arterial smooth muscle cells and breast cancer cells (99) . FGF18 drives migration in colorectal cancer cells and endothelial cells as well (34, 88) . In terms of myofibroblast survival, however, both FGF9 and 18 decreased Fas ligand-induced apoptosis in control but not IPF fibroblasts. Thus FGFR signaling in fibroblasts is complex and the mixed responses may explain why current therapies are only partially effective.
Lactate dehydrogenase in myofibroblasts. The mechanisms to explain cellular metabolism changes during IPF are still poorly understood. Lactic acid was recently identified as a metabolite that is elevated in the lung tissue of IPF patients (56) , demonstrating a role for dysregulated glycolysis in promoting lung fibrosis. For example, lactic acid concentration was elevated in lung tissue from patients with IPF, and endogenous production of lactic acid was capable of activating latent TGF␤ in cell culture in a pH-dependent manner (56) . Additionally, overexpression of LDH induced myofibroblast differentiation in a pH-dependent and TGF␤-dependent manner. Inhibition of LDH using siRNA caused a significant decrease in TGF␤-induced myofibroblast differentiation (56) .
Recently gossypol, a polyphenolic compound from cottonseed oil and an inhibitor of LDH, was used in preclinical fibrosis studies. This compound has numerous pharmacological properties including antifungal, anti-inflammatory, antitumor, and antifertility activity (76, 128) . Additionally, it has been reported that gossypol exhibits immunosuppressive effects on mouse lymphocytes in vitro and suppresses delayedtype hypersensitivity in vivo in a mouse model, through a mechanism that was thought to involve lymphocyte proliferation and induction of cell death (137) . Kottman et al. (56) demonstrated that gossypol inhibited TGF␤-induced myofibroblast differentiation in both control and fibrotic human lung fibroblasts. To identify a mechanism outside of what was previously known about gossypol, the authors incubated TGF␤-treated cell lysates with gossypol and assessed LDH activity to determine whether release of lactic acid could be activating latent TGF␤ to induce myofibroblast differentiation (56) . It is interesting to note that even though gossypol inhibited TGF␤-stimulated myofibroblast differentiation in control fibroblast the effect was less pronounced in IPF fibroblasts at lower concentrations. This may be due to a higher expression of the LDH gene (LDHA) in IPF fibroblasts and higher rates of extracellular acidification compared with control fibroblasts (56) . Future studies are necessary to understand the antifibrotic and the likely anti-inflammatory effects of gossypol and how it could be used as a therapeutic. However, the data strongly suggest that LDH inhibition diminishes TGF␤-induced myofibroblast differentiation. A more recent study by Chen et al. (19) also showed a decrease in liver fibrosis in diabetic rats that were treated with gossypol. Type 2 diabetes was induced in rats by feeding with high-fat diet and injection of streptozocin and then treated with gossypol for 4 wk. After gossypol treatment there was a significant decrease in liver fibrosis as noted by a decrease in the mRNA levels of ECM proteins (Col I, Col 3, fibronectin), tissue inhibitor of matrix metalloproteases (Timp)-1 and 2, as well as glucose-6-phosphatase (19) . These data provide evidence of a potential therapeutic role for gossypol in treating different fibrotic conditions including pulmonary fibrosis, Type 2 diabetes, and diabetes-related fibrosis. Glycolytic reprogramming as a regulatory step in the differentiation of fibroblasts to myofibroblasts is also supported by recent work showing inhibition of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) in human IPF fibroblasts in vitro attenuates fibroblast to myofibroblast differentiation and that targeting glycolysis with 3PO, a PFKFB3 inhibitor, reduces fibrosis in both a bleomycin model and TGF-␤1-driven animal model of fibrosis (136) .
LDH inhibition also seems to regulate radiation-induced fibrosis. For instance, LDHA was shown to be upregulated in radiation-induced fibrosis (50) . This upregulation was seen both in lung tissue as well as in irradiated lung fibroblasts, confirming previous data that lactate is required for radiationinduced myofibroblast differentiation. Based on these data it is hypothesized that LDHA could be a possible therapeutic target for multiple forms of fibrosis. Exactly how acidification of the extracellular environment cross talks with innate immune cells, which are abundant sources of latent TGF␤ to regulate fibrogenesis, is currently unknown but is certainly an area of study suggested by these recent observations.
Summary
As new data continue to accumulate, our understanding of the complexity of lung fibrosis also expands. Targeting any particular cell type (immune cells, epithelial cells, or fibroblasts) is challenging because each of these cell types participates in both pathological as well as homeostatic actions. We also know that innate immune cells have more opportunity to cross talk with structural cells of the lung than was previously appreciated. For example, release of IL-17 from neutrophils promotes fibroblast proliferation; release of MMP9 from innate immune cells may activate TGF␤ to drive myofibroblast differentiation; PGE 2 secretion from epithelial cells may limit NETosis and also inhibit fibroblast actions; glycolytic reprogramming of fibroblasts may acidify the extracellular environment leading to TGF␤ activation from immune cells. We also reviewed literature suggesting that neutrophils can activate TGF␤ via expression of NE. Once TGF␤ is present, it can further promote fibrogenesis by blocking autophagy and increasing ECM deposition. We now know that ␣-SMA-negative fibroblasts are capable of inducing TGF␤ as effectively as ␣-SMA-expressing myofibroblasts (121), prompting us to need to reevaluate many factors that may be pathological but overlooked due to their inability to regulate myofibroblast differentiation when tested. Additionally, we reviewed literature suggesting innate immune cells are also critical for host defense against infections and suggested that outgrowth of certain pathogens may potentiate IPF pathogenesis (e.g., Streptococcus spp and herpesviruses). Thus we will need to develop targeted therapies that can reduce fibrosis without compromising host defense. In this regard, strategies to enhance autophagy are particularly intriguing as they could help epithelial cells resist injury or cell stress while potentially improving antibacterial and antiviral functions as well (102, 131) , provided that the activation of the autophagy pathway is not so extreme as to induce epithelial cell apoptosis. The more we learn, the more we start to understand how current therapies like nintedanib may be suboptimal because they block beneficial as well as pathological growth factor signaling. This underscores the need for additional preclinical research to develop more specific and effective therapies. 
